Abstract. To promote the sharing and reutilization of geoanalytical data, various geoanalytical databases have been 8 established over the last 30 years. Data models, wh ich form the core of a database, are themselves the subjects of intensive 9 studies. Data models determine the contents stored in the databases and applications of the databases. However, most 10 geoanalytical data models have been designed for specific geological applications, which has led to strong heterogeneity 11 between databases. It is therefore difficult for researchers to communicate and integrate geoanalytical data between 12 databases. In particular, every time a new database is constructed, the time-consuming process of redesigning a data model 13 significantly increases the development cycle. This study introduces a new data model that is universally applicable and 14 highly efficient. The data model is applied to various geoanalytical methods and co rresponding applications, and 15 comprehensive analytical data contents together with associated background metadata are summarized and catalogued.
Introduction

26
Geoanalytical data includes measurements of major and trace elements, rare earth elements (REEs), isotopes, and 
33
tremendous volumes of geoanalytical data have been created, and these volumes continue to increase at a high rate. It is 34 of paramount importance that this data is curated effectively and that adequate background information, such as sample 35 description, sampling information, and analysis information, is included, so that geological researchers can utilize the 36 data according to their requirements. This will also facilitate the reutilization of the precious geoanalytical data. In 37 addition, with the accumulation of large volumes of data, statistical analysis and data mining can be conducted on these 38 data to provide a more comprehensive and advanced scientific understanding of the Earth. Hence, a variety of 39 geoanalytical databases aimed at managing, sharing and reutilizing geoanalytical information have been constructed and 40 are used as advanced tools in geological studies. The analysis and comparison of existing geoanalytical data models , as 41 well as the development of improved models, is therefore a worthy and significant study to be conducted.
42
Over the last decades, several studies of geoanalytical data models have been conducted. categories, namely, bulk analysis; microanalysis; isotope analysis; morphology, structure, and valence analysis; and 82 organic analysis, were divided according to the analytical technique used. In this way, data from each category was 83 categorized according to analytical instruments (e.g., SEM, SNM, and EPMA for microanalysis). In the next step, 84 the data were grouped according to geological applications. The comprehensive list of geoanalytical measurement 85 data items used in the present study, compiled from a thorough literature review, is presented in Figure 2 . In the 86 case of bulk analysis, most measurements ultimately provided major, trace and ultra-trace element concentration 87 data. Microanalysis can yield data of elemental concentrations in a micro-region, as well as structural information 88 Table 1 lists details of the background metadata used during 104 the present study. In this study, the Background metadata are divided into three parts: sample metadata provide 105 geological researchers with information about geological materials, sampling metadata provides information about 106 environmental conditions in the field, and quality metadata allows geological researchers to make an assessment of 107 data quality and usability (Table 1 ). The background metadata items listed in Table 1 are the most essential 108 information required for every kind of geoanalytical measurement data. More specific attributes are not included in 109 our model. 110 Table 1 Background metadata of geoanalytical data 111 
Background Metadata
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Geoanalytical data modelling 112
This section outlines how the novel geoanalytical data model was designed, utilizing the data summarized above. 113
Despite their limitations, currently relational data mode is the most commonly used pattern for geoanalytical data 114 models. Rational data mode construct relations between each group of data within the database. This means that 115 more data categories inevitably lead to much more data relations, increasing storage demands and the time required straight-forward database design, which nevertheless supports powerful analyses, and is relatively well understood 122 by the end users (Hoberman, 2005) . As a modelling framework, MDM has a conceptual and a logical phase of 123 design, composed of a fact table and several dimension tables (Höpken et al., 2013) . Facts comprise numeric and 124 additive characteristics of the data, which can be accumulated along multiple dimensions. Frequently, researchers 125 are interested in analyzing geoanalytical measurement data from different metadata perspectives. Hence, the MDM 126 approach is ideally suited for the design of geoanalytical data models. Here, the geoanalytical data are the fact data, 127 and other background information are dimensions data. The use of the MDM modelling framework applied in the 128 present study will allow geological researchers to rapidly analyze geoanalytical data based on numerous meta-data 129 criteria. 130
Conceptual data model (CDM)
131
A conceptual data model (CDM) includes the definition of its universal attributes and a rough design of its structure. 132
It represents the primary phase of data model design, independent from the detailed techniques of computer 133 systems. Figure 3 presents the multi-dimensional CDM we developed for geoanalytical data. Here, the abstraction 134 of universal concepts present in geoanalytical data, the model becomes more flexible and universally applicable. 135
The geoanalytical data are placed in the center of the model, in the form of a facts table. The associated background 136 information is categorized and abstracted as various dimensions which are represented by different axes in Figure 3 . 137
The six dimensions of our CDM are sample, analysis type, analytical methods, location, time and quality. This 138
arrangement allows geological researchers to analyze geoanalytical data from six different dimensions or any 139 combination thereof. The marks in each dimension represent the detailed measurement conditions. The "n" 140 dimension is an expansible dimension, which can be added according to the specific model application. denotes "1", the circle denotes "0" which means "maybe", and the triangle denotes "many". Lines and symbols 150 define the relations between objects. The additional notation foreign key (FK) is added if the attribute in one object 151 uniquely identifies an attribute in another object. For example, the sample ID in the geoanalytical data object is a 152 foreign key of Sample_id in the sample object, because they have the same value. By means of this foreign key, the 153 data contents of the two objects are connected. For each object, a few extended attributes are added (Extend_n in 154 
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In order to evaluate the performance of our model, we carried out a comparison experiment with the widely used 160
Lehnert rock geochemical data model (Lehnert et al., 2000) . In order to conduct the experiment, a physical data 161 model (PDM) needed to be created with a database management system. As RDBMS is the most common 162 techniques used in geoanalytical databases, MySQL which is a widely used RDBMS was adopted to implement the 163 
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